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Abstract 
The effect of Ag addition (0-20 wt%) on polycrystalline Sr0.6K0.4Fe2As2 
superconductor has been investigated. It is found that the critical transition 
temperature Tc was not depressed, and the irreversibility field Hirr and hysteresis 
magnetization were significantly enhanced upon Ag addition. Characterization study 
reveals that larger grains are observed in the Ag-added samples. Moreover, the 
formation of glassy phase as well as amorphous layer, which are present in almost all 
the grain edges and boundaries in pure samples, are suppressed by Ag addition. The 
improvement of superconducting properties in Ag-added samples may originate from 
the enlargement of grains as well as better connections between grains 
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Introduction 
Feverish activity on superconductivity in iron pnictide materials has followed the 
discovery of superconductivity at 26 K in the LaFeAsO1-xFx compound [1], due to the 
high critical temperature Tc and underlying mechanism. Critical temperatures up to 55 
K have been achieved in fluoride doped SmFeAs(O1-xFx) [2]. The related iron-based 
superconductor A1-xKxFe2As2 (A=Ba and Sr) also exhibits a Tc of ~38 K [3-5]. These 
recent discovered iron pnictide superconductors have been accepted as the second 
class of high-Tc superconductors. Like YBa2Cu3O7-δ, the iron pnictide 
superconductors show high critical current density Jc, high upper critical field Hc2 and 
irreversibility field Hirr, low anisotropy γ = Hc2(ab) / Hc2(c) [6-11]. Very recently, 
intrinsic weak link behavior, similar to high-Tc cuprates, has been proved in thin film 
Ba(Fe1-xCox)2As2 bicrystals [12], suggesting that texture fabrication process is needed 
for their potential applications.  
The introduction of silver into high-Tc superconductors is known to improve their 
structural and superconducting properties [13-16]. It was reported that silver promotes 
the c-axis orientation and the crystallization of the superconducting phase, and 
catalyzes the intergranular coupling of the superconducting grains in 
Bi-(Pb)-Sr-Ca-Cu-O and YBa2Cu3Oy ceramics [13, 14]. An unusual Jc enhancement 
has been observed in Ag added YBa2Cu4O8 high-temperature superconductor [15]. 
Another study revealed that the beneficial effect of Ag addition on superconducting 
properties originates from the suppression of the formation of liquid phase in the grain 
boundaries by silver [16]. However, the effect of Ag addition on the new iron-based 
superconductors, such as Sr0.6K0.4Fe2As2, has not been reported.  
In this paper, we introduce silver by mixing metallic Ag powder with well 
ground Sr0.6K0.4Fe2As2 raw materials. Resistance, magnetic susceptibility and 
hysteresis of the pure and Ag added polycrystalline Sr0.6K0.4Fe2As2 have been 
measured. Results of structural study through scanning electron microscope (SEM) 
and transmission electron microscope (TEM) are also presented. 
Experimental details 
The polycrystalline samples investigated were prepared by a one-step method 
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developed by our group [17] together with ball milling process. Sr filings, Fe powder, 
As and K pieces, with a ratio Sr : K : Fe : As = 0.6 : 0.44 : 2 : 2.2, were thoroughly 
ground in Ar atmosphere for more than 10 hours using ball milling method. For the 
reasons of simplicity, in the following the nominal composition will be described as 
Sr0.6K0.4Fe2As2. After the ball milling, the raw powders were divided into three parts, 
two of which were added with various amount of Ag powder (5 wt% and 20 wt%). 
Then, the three kinds of powder were ground in a mortar for half an hour, respectively. 
The final powders were encased and sealed into Nb tubes (OD: 8 mm, ID: 5 mm), 
sintered at 500  for 15 hours℃ , heated to around 900  ℃ in 5 hours and then kept for 
35 hours in Ar atmosphere. The density of the sintered sample is about 70% of the 
theoretical value of 5.89 g·cm-3.  
Phase identification was characterized by powder X-ray diffraction (XRD) 
analysis with Cu-Kα radiation from 10 to 80˚. Resistivity measurements were carried 
out by the standard four-probe method using a PPMS system. Magnetization 
measurements were performed with a PPMS system in fields up to 7 T. Magnetic 
critical current densities were calculated using Bean model. Microstructural 
observations were performed using scanning electron microscope (SEM) and 
transmission electron microscope (TEM). Our TEM specimens were prepared as 
follow: Sr0.6K0.4Fe2As2 powder was scraped from a sintered bulk. The powder was 
dispersed in suitable absolute ethanol using an ultrasonic-wave machine. Then, a drop 
of the suspension was placed on holey carbon coated copper grid, which was 
subsequently dried. 
Results and discussion 
Figure 1 shows X-ray diffraction (XRD) patterns for the pure and Ag added 
polycrystalline Sr0.6K0.4Fe2As2. The XRD pattern for the pure sample reveals an 
almost single phase, Sr0.6K0.4Fe2As2. The Ag added samples consist of Sr0.6K0.4Fe2As2 
as the major phase, with some Ag and a small amount of impurity phases, which were 
identified as FeAs and AgSrAs. Clearly, the addition of Ag induces small amount of 
impurity phases without destroying the parent compound. 
The temperature dependences of resistivity for various samples are shown in Fig. 
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2. Resistivity drops at 35 K, and vanishes at about 33 K for all samples. The Ag added 
samples show a slightly sharpened transition, compared to the pure sample. The inset 
of Fig. 2 shows temperature dependences of the zero-field cooled (ZFC) and field 
cooled (FC) magnetic susceptibility of the pure and Ag added samples. Below 34 K, 
the ZFC signal is diamagnetic for all samples, which is consistent with the resistive 
results. From this, one can also roughly estimate the shielding fraction. The shielding 
fraction at 5 K is 83 % and 90 % for the pure and 5% Ag added sample, respectively. 
One can see that the temperature dependence of dc shielding fraction is improved by 
5% Ag addition, and 87 % is achieved at 25 K. The ZFC curve for the 20% Ad added 
sample shows a slightly decreased shielding fraction at 5 K, because of a large 
volume fraction of Ag. It clearly proves that the Ag addition leads to an improvement 
of uniformity in superconducting properties. 
To obtain information about the upper critical field Hc2 and irreversibility field Hirr, 
the variation of resistivity under various magnetic fields (H=0, 1, 3, 5, 7 and 9 T) was 
studied. As the field is increased, the onset critical transition temperature for all 
samples shifts with magnetic field weakly. But the zero resistance temperature of the 
pure sample decreases more rapidly than that of the Ag added samples. Using criteria 
of 90% and 10 % of normal state resistivity, upper critical field Hc2 (T) and 
irreversibility field Hirr (T) can be estimated, respectively. The resultant H-T phase 
diagrams for the samples are shown in figure 3. Hc2 (T) was not significantly changed 
by Ag addition. The upper critical field at zero-temperature Hc2 (0) was calculated 
using the Werthamer-Helfand-Hohenberg (WHH) formula, Hc2 (0) = - 0.693 Tc 
(dHc2/dT). The slope dHc2/dT is estimated from the H-T phase diagram，and the value 
is about 7.9 for these samples. Taking Tc = 34 K, the upper critical field is Hc2 (0) = 
186 T, which is consistent with the Hc2ab (0) = 185.4 T reported in single crystal [9]. 
In fact, applications are limited by a lower characteristic field, the irreversibility 
field Hirr (T) at which Jc vanishes. The prominent feature of irreversibility fields is that 
the Hirr-T curve becomes steeper as a result of Ag addition. In particular, the Hirr value 
for the pure sample is 3 T at 30 K, however, the extrapolated Hirr for the 5 % Ag 
added sample at 30 K is about 15 T, 12 T higher than that of the pure sample.  
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Magnetic hysteresis measurements have been carried out on rectangular 
specimens in the same dimension of 3×2×1 mm3, which were cut from the bulks. 
Critical current density (Jc) derived from the magnetic hysteresis for various samples 
at 5 and 20K is shown in Figure 4. As can be seen, the Jc increased greatly with 
increasing Ag addition content. The Jc of 20 % Ag added samples at 5 K in self field 
is about 2.5×104 A/cm2 and remains above 1.5×103 A/cm2 beyond 6.5 T, twice as high 
as for the pure sample. Most importantly, excellent Jc of about 1.0×104 A/cm2 at 20 K 
was achieved in the 20% Ag added samples (see the inset).  
The microstructure of the samples was studied using a scanning electron 
microscope. Figure 5 show scanning electron micrographs of the pure, 5 % and 20 % 
Ag added samples. The pure and 5 % Ag added samples consist of small grains, with 
an average size of 0.5-2μm, which was identified as Sr0.6K0.4FeAs using EDS. These 
grains are much smaller than those reported previously [18], due to the ball milling 
process used in our experiments. However, some large grains appear in the 20 % Ag 
added sample, and it seems that Ag addition have a large effect on grain growth. 
These large grains, meaning large dimensions of intra-grain loops, were supposed to 
contribute to the enhancements of magnetic Jc. Some Ag particles can be seen in the 
Ag added samples, as shown in Fig. 5d by quadrant back scattering detector.  
Further study on the microstructure of the samples was performed using 
transmission electron microscopy. Figure 6a show a typical grain of the pure sample. 
Glassy phase (wetting phase or liquid phase) around the grain was found. Detailed 
observation of a single grain was performed, and an amorphous layer of several 
nanometers in thickness around individual grains was observed in the pure sample 
(Fig. 6b). Evidence of similar glassy phase and amorphous layer was also observed in 
polycrystalline REFeAsO1-x and YBa2Cu3O7-δ [19, 20, 16]. Numerous randomly 
selected grains have been examined in this study, and it is confirmed that the 
amorphous layer is ubiquitous in the pure bulk. The amorphous layer was also found 
in at the interface between two grains, as shown in Fig. 6c. In some cases, a particle 
consists of several small grains. The boundaries between the small grains were also 
studied. However, more information is hindered by the glassy phase and amorphous 
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layer on the particle (Fig. 6d). Although clear grain boundaries cannot yet be ruled out, 
the super-current across the grain boundaries can be largely reduced by the glassy 
phase and amorphous layer [19, 20].  
By contrast, TEM study on the Ag added samples reveals almost no glassy phase 
around individual grains, as shown in Fig. 7a. Except for similar amorphous layers, 
numerous clean grain edges, in various crystallographic directions, were found in Ag 
added sample. A typical clean grain edges is shown in Fig. 7b. Grain boundaries 
between two grains can be studied in details (Fig. 7c), because of the absence of 
glassy phase around grains and particles. It can be seen that, the part of boundary near 
the edge of grains is of an amorphous layer of about 4 nm in thickness, whereas, the 
inner part of boundary is clean, with some dislocations. Observations of clean 
boundaries were also performed (Fig. 7d). It reveals that, the connections of grains are 
perfect. Two kinds of grain boundary were seen, one being a clear plane with a small 
distortion (Indicated by white dashed line), and the other a large amount of 
dislocations. Clearly, the glassy phase and amorphous layer were suppressed, and 
better connections between grains formed in Ag added samples.  
The effect of Ag addition on polycrystalline Sr0.6K0.4Fe2As2 is much similar to 
that on YBa2Cu3O7-δ [16]. Ag addition has a large effect on the grain growth and 
glassy phase formation, as supported by SEM and TEM observations. Based on 
microstructural analyses and magnetization data, we may say that larger grains and 
good grain connection caused by Ag addition are responsible for the better 
performance in our Ag-added samples. Actually, through Ag addition, we have 
successfully observed large transport critical currents in Fe-based superconducting 
wires and tapes, for details, please see the reference [21] 
Conclusions 
Critical transition temperature, upper critical field, irreversibility field and 
critical current density Jc have been studied in order to understand the role of silver 
addition on Sr0.6K0.4Fe2As2 superconductor. The addition of silver up to 20 wt% does 
not depress the critical transition temperature. Significant enhancement of 
irreversibility field Hirr and critical current density Jc have been observed for the Ag 
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added samples. Results of structural study suggest that, Ag addition has a large effect 
on the grain growth and glassy phase formation, and the enhancement of 
superconducting properties is attributed to the enlargement of grains as well as better 
connections between grains. 
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Captions 
 
Figure 1 X-ray diffraction patterns for the pure and Ag added Sr0.6K0.4Fe2As2 samples. 
Figure 2 Temperature dependence of resistivity for the pure and Ag added samples; 
Inset: Temperature dependence of DC susceptibility of the pure (black 
squares) and 5 % Ag added (red circles) samples. 
Figure 3 The upper critical field Hc2 and irreversibility field Hirr as a function of 
temperature of various samples 
Figure 4 Jc yielded from the hysteresis of the bulks at 5 K and 20 K (inset). 
Figure 5 Scanning electron micrographs of the pure (a), 5 % (b) and 20 % (c) Ag 
added samples; (d) a typical QBSD image on polished surface for the Ag 
added samples. 
Figure 6 Transmission electron microscopy (TEM) images of the pure samples. 
Figure 7 TEM images of the Ag added samples. 
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Figure 1 Wang et al. 
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Figure 2 Wang et al. 
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Figure 3 Wang et al. 
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Figure 4 Wang et al. 
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Figure 5 Wang et al. 
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Figure 6 Wang et al. 
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Figure 7 Wang et al. 
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